The removal of chylomicrons from the blood stream has been studied by many investigators (1) . Studies with isotopically labeled lipids have revealed that the liver removes a large portion of injected chylomicrons and that this organ takes up intact lipid particles from blood. Similar studies on adipose tissue have revealed that hydrolysis takes place before tissue uptake. The removal of chylomicrons has been compared to the removal of fat particles from artificial fat emulsions. Some of the latter are taken up predominantly by Kupffer cells of the liver, whereas the former go primarily to the liver parenchyma (2, 3) .
Possibly a study of chylomicron structure might elucidate the physiological behavior of these particles, but thus far little or no direct studies on structure have been made although models have been postulated on the basis of known physicochemical properties of the various chylomicron constituents (1) . Recent publications from our laboratory have shown that the percentages of cholesterol, cholesterol ester, phospholipid, and protein are roughly proportional to the surfacevolume ratios of different sized chylomicrons. This might indicate that these constituents occur primarily on the surface of a triglyceride droplet (4) . Parallel studies of plasma lipoproteins showed, however, that at a heptane-water interface these proteins lose their cholesterol and cholesterol ester to the heptane phase (5) . It would seem reasonable, therefore, that at the oil-water interface of a chylomicron some or all of the * Submitted for publication April 29, 1965 ; accepted June 16, 1965 .
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sterol might be dissolved in the oil phase of the droplet. The present investigation was designed to study the distribution of various lipids between the interior and the surface of the chylomicron.
Methods
Preparation of chylomicrons. Mongrel dogs of both sexes, fasted overnight, were fed about 100 ml of 36% fat in the form of whipping cream or of corn oil emulsified in skim milk. Thoracic duct lymph was collected in iced containers from anesthetized animals immediately after cannulation for periods up to 10 hours or in unanesthetized animals during intervals beginning 24 hours after surgery and extending for 3 or 4 days. Rats were cannulated in the cisterna chyli, and lymph was collected from unanesthetized, restrained animals starting the day after surgery. The animals were fed 1 ml of cream periodically or the equivalent amount of corn oil. The patient' was a 43-year-old Negro man known to have had diabetes mellitus for at least 3 years. Admission to the hospital was because of a right axillary abscess with bleeding from this site. On admission the serum triglyceride level was 20 g per 100 ml, and the total cholesterol was 1.9 g per 100 ml. Surgical drainage of the abscess was carried out, and at the time the thoracic duct was cannulated (6) . Several days later the patient received a single feeding of 100 g of fat in the form of heavy cream, and lymph was collected for 24 hours. A similar amount of corn oil was then given and lymph collected for 24 hours.
The chyle was defibrinated by gentle stirring with a wooden applicator stick and filtered through gauze. The filtrate was then centrifuged in a swinging bucket rotor at 25,000 rpm (average g = 53,000) for i to 1 hour at 10°C
. The packed layer of chylomicrons was removed with a spatula; the chylomicrons were resuspended in 0.9% NaCl and recentrifuged as before. Washing with saline was repeated once more after which an additional wash with water was performed. (4) . After centrifugation and washing with ethanol-ethyl ether followed by ether, the precipitate was stored in the deepfreeze for subsequent analysis of total amino nitrogen (7). The alcohol ether extract was evaporated under vacuum and the residue picked up in chloroform. A sample was evaporated in vacuo for total lipid determination by weighing. Up to 10 mg of lipid was applied to a 1-g silicic acid-Super-Cel (1/1) column for separation of "neutral" lipids and phospholipids with chloroform and methanol as eluants (8) . Subsequent separation of cholesterol esters was performed on a similar column with 10%o chloroform in petroleum ether used to elute the esters and chloroform to elute the rest (8) . All column fractionations were checked for purity by applying small samples of the eluates to thin layer silica gel G plates that were developed with petroleum ether-ether-acetic acid (80/20/1, vol/vol/vol) for neutral lipids or chloroform-methanol-water (140/50/9, vol/vol/vol) for phospholipids. Lipid spots were visualized by charring after spraying the plate with H2SO4 and illuminating it with 2 The author wishes to thank Dr. A. J. Ladman for preparation of the electron micrographs. ultraviolet light. In this manner very minute contaminations of lipid fractions could be detected. Columns were rerun when separations were incomplete as judged by thin layer chromatography.
Appropriate lipid fractions were saponified with 4% alcoholic KOH at 650 C for 1 hour, and cholesterol was determined on a petroleum ether extract with the FeCls-H2SO4 reagent described by Zak, Moss, Boyle, and Zlatkis (9) . Total phospholipid phosphorus was determined after digestion with H3S04 by the method of Bartlett (10) . Glycerides were determined by saponification and determination of glycerol by the following modification of the periodate oxidation technique described by Van Handel and Zilversmit (11) . After saponification of the silicic acid column eluate containing the glycerides and free cholesterol with 0.4% alcoholic KOH, the mixture was acidified with 0.2 N H2S04, and cholesterol and free fatty acids were removed by a single extraction with petroleum ether. After removing nearly all of the ether phase with a transfer pipette, the rest of the petroleum ether was evaporated in a water bath at 600 C. After oxidation with NaIO4 as described before, the excess oxidizing agent was reduced with 5% NaHSO&. Heating with chromotropic acid was carried out as described before, but after cooling the mixture 0.2 ml of 10% aqueous thiourea was added to remove iodine liberated during heating. This step reduced the reagent blank to less than half of that obtained by the original procedure.
Individual phospholipid fractions were separated from phospholipids eluted off the silicic acid column by thin layer chromatography with silica gel G containing Ultraphor for visualization of lipid spots (12) . Methyl esters of lipid fractions were prepared by heating the thin layer plate scrapings with 2% HSO4 in methanol at 650 C overnight, except in the case of sphingomyelin, for which 5% H2SO4 was employed (13) . Total phospholipid fatty acid patterns determined on silicic acid column eluates showed good agreement with those obtained from thin layer plates. Chromosorb W coated with 14% polyethylene glycol adipate ester was obtained commercially.3 Six-foot spiral glass columns of 4 mm i.d. were operated at 1900 C, 15 pounds per square inch inlet pressure, and flow rate of 60 ml argon per minute. The eluant was monitored by an argon ionization chamber containing a tritium source. NIH standards A-E were used to establish the operating parameters. The composition, calculated from peak height times retention time, was found to agree with standards B and D to within 11% for peaks less than 5% of the total and within 6% for peaks greater than 5%, the errors being the arithmetic mean, without regard to sign, of the relative percentage deviations from the standard. In Tables V to IX A portion of the aqueous H3-digitonin was dried at room temperature under vacuum, dissolved in 50% aqueous alcohol, and added in large excess to cholesterol dissolved in acetone alcohol (1/1) according to the procedure of Morris (14) . After dissolving, reprecipitation, and washing of the precipitate the cholesterol digitonide was dissolved in a small volume of absolute methanol; one sample was counted and another used for cholesterol analysis. From the radioactivity bound to a known amount of chylomicrons and the H8-digitonin activity per milligram of cholesterol standard, the amount of free cholesterol on the surface of the chylomicron was estimated. This assumes, of course, that a) all the free cholesterol on the chylomicron surface binds digitonin in the same proportion as in alcohol acetone in which the cholesterol standards were dissolved, b) no other component on the chylomicron surface binds digitonin, and c) no digitonin penetrates into the oil phase of the chylomicrons.
Results
Validity of oil-membrane separations. Several procedures were found to liberate oil from corn oil chylomicrons. In addition to the freezing and thawing described in the Methods section, lyophilization, immersion of a chylomicron sample in boiling water for 5 minutes, or dehydration under vacuum in a rotary evaporator was found to liberate appreciable amounts of oil. Even centrifugation at 50,000 g for 30 minutes employed for the harvesting and washing of chylomicrons set free visible oil droplets on the surface.
For practical reasons we used the freeze-thaw procedure to prepare membrane and oil for chemical analysis. It is possible, of course, that the repeated freezing and thawing might shift certain lipids between membrane and oil phase. We therefore attempted to evaluate this possibility for free cholesterol, which was present in the oil as well as the membrane fraction.
One sample of a washed corn oil chylomicron preparation was frozen and thawed four times, after which oil and membrane were separated by the method described previously except that great care was taken to recover the oil and membrane fractions as nearly quantitatively as possible. The ratio of free cholesterol in membrane and oil was calculated from a direct comparison of the amounts of cholesterol in these fractions. position of intact lymph chylomicrons, oil phase, and membrane from dogs fed corn oil. On the average the weight of the membrane fraction was about 5%o of the total chylomicron weight; the rest was oil. In each instance the oil phase was found to contain an appreciable amount of cholesterol but practically no phospholipid. In the few instances in which a measurable amount of phospholipid was found to be present in the oil phase, this may have been due to contamination of the oil with adhering intact chylomicrons or membrane fragments. The cholesterol found in the oil phase consisted of both free and esterified cholesterol (Table IV) in contrast to that present in the membrane, which was present entirely in the free form.
The main component of the membrane fraction was found to be phospholipid. In most instances 70 to 75% of the total membrane lipid was present in that form with smaller amounts of triglyceride ( 13 to 25%o ) and free cholesterol (5 to 10%o ) making up the rest of the lipid. The absence of appreciable amounts of cholesterol ester from the membrane fraction was demonstrated not only qualitatively by thin layer chromatography but in several instances also by quantitative analysis of the appropriate silicic acid column eluate. In no instance did the esterified cholesterol comprise more than 0.5% of the total membrane cholesterol.
In two instances (dogs 19 and 24) a special attempt was made to separate and recover the oil and membrane fractions quantitatively. These analyses, which agreed closely with one another, demonstrate that the membrane contains all of the phospholipid, about 70%o of the free cholesterol, less than 1%o of the triglyceride, and essentially none of the cholesterol ester of the intact chylomicron.
Kjeldahl analyses of two different alcohol-ether extracted membrane fractions showed a 15 to 16%o nitrogen content. On this basis washed chylomicrons had a protein content of 0.3 to 0.7%o. It has been reported that the protein of human chylomicrons can be lowered drastically by additional washing (15) . This has not been our experience with dog lymph chylomicrons. This type of experiment is, however, difficult to interpret, since progressive oiling out of chylomicrons during the washing procedure lowers the total surface to volume ratio of the fat particles, which may greatly affect the percentage of protein (4) .
The membrane fraction showed a relatively 
FIG. 1. CHYLOMICRON MEMBRANE FRACTIONS (X 100,000)
. Left: sedimented for 20 minutes at 100,000 g. Right: sedimented after an additional 24 hours at 100,000 g. much higher percentage of protein than the whole chylomicron, which is to be expected. It was surprising, however, that the percentage of protein differed so much from sample to sample. Even within the same preparation two membrane fractions (dog 9, Table II ) differed in protein content by a factor of ten. The membrane fraction, which was centrifuged down in 20 minutes at 100,-000 g, had a protein content of about 4%o. The membrane fraction isolated after an additional centrifugation at 24 hours showed only one-tenth as much protein per gram dry weight. According to the electron microscopic study, the 24-hour fraction showed the presence of smaller fragments ( Figure 1 , upper and lower). Since phospholipid and protein are found in the membrane fraction but not in the oil phase, it is of interest to note that the protein to phospholipid ratio is considerably lower in the isolated membrane than in the intact chylomicron. As practically all the phospholipid was recovered in the membrane pellet, soluble protein must have been lost during the disintegration of the chylomicron and subsequent washing of the membrane fraction. The loss relative to phospholipid may have been greater in the smaller fragments (dog 9, membrane 2) than in the larger ones (dog 9, membrane 1). Apart from the ring of electron dense material in Figure 1, Table IV . In each instance the percentage of cholesterol present as ester in the oil phase was higher than that in the whole chylomicron from which the oil was derived, but appreciable amounts of free cholesterol were also present in the oil phase.
Since other workers had reported that after feeding cholesterol the thoracic duct lymph of rats contains cholesterol primarily in the esterified form, it was of interest to determine the percentage of cholesterol ester in chylomicron-free lymph from animals fed corn oil or cream. Table IV shows that, irrespective of the diet, in each instance the cholesterol in the lymph subnatant was more completely esterified than that in the corresponding chylomicron fraction. In the case of the patient fed cream and corn oil, whole lymph was also analyzed for various lipid fractions. In both (16) . This may be due to the higher fat loads instances the esterified cholesterol represented used in our experiments. In the patient, who reabout 55% of the total lymph cholesterol. ceived cream about 24 hours before the corn oil, Gas-liquid chromatography. In Table V the the relatively high myristic acid content and somecomposition of chylomicron triglyceride in one what low linoleate content of the chylomicrons afpatient and four dogs is compared with the fatty ter corn oil feeding indicated a possible retention acid composition of the diet. As was to be ex-of cream lipids after the corn oil had been adminispected, the chylomicron triglyceride fatty acids tered. A similar overlap of fatty acid composition mirrored the composition of the dietary fat. No-was observed by Kayden, Karmen, and Dumont table differences between cream and corn oil chylo- (6) . microns are the presence of shorter chain fatty Fatty acid analyses on cholesterol esters eluted acids, primarily C14: 0, in the former and a pre-from silicic acid columns and subsequently subdominance of 18: 2 acids in the latter. In the dogs jected to thin layer chromatography were atthe correspondence between fatty acid composition tempted. However, replicate analyses in some inof chylomicron triglyceride and dietary fat was stances showed widely divergent values, and the closer than that observed by Nestel and Scow results are, therefore, not reported here. Phospholipid fatty acids are shown in Table VI . The composition of these lipids is rather independent of dietary fat; neither 16: 0 nor 18: 0 appears to differ significantly in cream and corn oil chylomicrons, but the 18: 2 in the oil-fed dogs is nearly twice that of the dogs fed cream. In the human a similar difference, although less pronounced, is evident. Since the phospholipids make up such a large portion of the chylomicron membrane and since their composition may be intimately related to the stability of the membrane, a further study of the individual phospholipid fractions of chylomicrons from three dogs was undertaken. Phosphorus analyses on silicic acid column eluates (17) showed no differences in the relative mole percentages of phosphatidyl ethanolamine (12%), phosphatidyl choline (75%o), sphingomyelin (5%), and lysolecithin (3%) in the chylomicrons from cream and corn oil fed animals. This distribution agrees well with the distribution of phospholipids found previously (8) and differs from that in dog serum, which contains relatively less phosphatidyl ethanolamine and more sphingomyelin and lysolecithin (8) . The only other fatty acid-containing portion of that of the chylomicrons. In two dogs clear plasma the chylomicron membrane is the triglyceride fracwas obtained at the time of lymph collection. In tion. It seemed important, therefore, to isolate one of them postabsorptive plasma had previously these triglycerides and subject them to gas liquid been analyzed. These analyses and that of a com-chromatography analysis. Initially, the memmercial sample 5 of beef brain sphingomyelin are brane triglyceride was thought to represent a congiven in Table VIII . It is apparent that 20 to tamination of the membrane pellet with unbroken 25% of the fatty acids from dogs serum sphingo-adhering chylomicrons. This idea was discarded, myelin contains more than 18 carbons. Although however, when gas liquid chromatography analythis percentage is high compared to that of dog ses showed large differences in the fatty acid comchylomicrons, it is not nearly so high as the 43%o position of whole chylomicron triglyceride and the for beef brain sphingomyelin (Table VIII) or the triglyceride of chylomicron membrane. A detailed approximately 45%o reported for sphingomyelin study of chylomicron membrane and oil fractions from plasma chylomicrons in butter-fed patients in one patient, three dogs, and two rats is pre- (18) or from fasting human plasma (19) . The sented in Table IX . The last two columns of this most striking difference in fatty acid composition Table show that the membrane triglycerides, parof beef brain sphingomyelin and the others is the ticularly after feeding corn oil, contain a much low percentage of 16: 0 in the former.
higher proportion of saturated fatty acids than 5 Applied Science, State College, Pa. the triglycerides that constitute the major lipid Previous studies (5) showed that when human serum lipoproteins were spread in a thin film between heptane and water, all the free and esterified cholesterol dissolved in the heptane phase. The membrane of a chylomicron may be considered as a lipoprotein spread between an oil and aqueous phase. It is interesting, therefore, that although all the cholesterol ester of the chylomicron appeared to be present in the oil phase, most of the free cholesterol was present in the membrane. One might explain this by postulating a strong bond between free cholesterol and some other chylomicron membrane constituent. This is, however, not likely, since chylomicron free cholesterol exchanges readily with cholesterol in serum lipoproteins (22) . A more likely explanation is the lower solubility of free cholesterol in triglyceride than in heptane. On the basis of this explanation one would predict that free cholesterol would favor the chylomicron surface more in corn oil than in cream chylomicrons, since it has been shown that cholesterol is more soluble in saturated than in unsaturated fat (23, 24) .
The structure of a chylomicron membrane is difficult to ascertain at present. The appearance of ghost-like rings in the electron micrographs suggests a certain structural rigidity of the isolated membrane. What binding forces are responsible for such rigidity in a material that consists primarily of lipid is not clear although an analogous situation may be found in myelin figures (25) (29, 30) . If, therefore, the chylomicron protein were interspersed with phospholipid at a film pressure of 20 dynes per cm, the protein would occupy only about 10%o of the chylomicron surface. Both cholesterol and triglyceride are known to form with phospholipids mixed films that are more compact than films of pure phospholipid (28, 31) . It is not unlikely, therefore, that on the chylomicron surface small quantities of saturated triglyceride, free cholesterol, and protein form a mosaic in a film composed primarily of phospholipid.
To compare some of our results with those reported in other laboratories, one should differentiate between lymph and plasma chylomicrons, since gross changes in phospholipid and free cholesterol content have been shown to take place when lymph chylomicrons are incubated with plasma (8) . One other point that has led to some confusion is that some investigators have reported the lipid composition of whole lymph and others that of isolated washed chylomicrons. The data reported in Table IV show, for example, that the chylomicronfree lymph subnatant contains a much higher percentage of esterified cholesterol than the chylomicrons. Vahouny, Fawal, and Treadwell reported for whole rat lymph that about 75%1o of the cholesterol is in the esterified form (32, 33) . Swell and his colleagues reported an average of 86%o of cholesterol in the ester form (34) . Values of 65%7o were reported by Daskalakis and Chaikoff (35) . Chevallier and Vyas reported values of 50% (36) . On isolated rat chylomicrons Savary, Constantin, and Desnuelle reported esterified cholesterol as 50%o when triglyceride was fed and 68%o when fatty acid was fed (37) . Similar conclusions were reached by Woo and Treadwell (38) . In patients with chyluria Peters and Man reported 75% of the chylomicron cholesterol in the ester form (39), whereas Peterson (15) found an average of 64%o. Our own data in three species consistently show less than 50%o of the chylomicron cholesterol esterified, and in some instances the values were close to 20%o. In the patient and in several rats in which the cholesterol content of cream and corn oil chylomicrons was compared, the percentage ester was twice as high in the cream-fed animals. A similar difference was also reported for dogs (4) . It is possible that the small amount of cholesterol contained in the animals fed cream might promote formation of cholesterol ester, since Vahouny and associates (32) found relatively higher percentages of esterified cholesterol in lymph when cholesterol absorption was maximal. Possibly the low percentage of cholesterol ester in chylomicrons when no cholesterol is fed may indicate that, although exogenous cholesterol is largely esterified in the process of absorption, endogenous cholesterol is added to the chylomicron primarily in the unesterified form. Daskalakis and Chaikoff (35) , on the other hand, reported no difference in the extent of cholesterol esterification in rats previously maintained on high and low cholesterol diets.
The gas liquid chromatography data on chylomicron constituents agree in most respects with those reported by others (6, 13, 15, 16, 18, 40, 41) . The triglycerides resemble closely the fatty acid composition of the dietary fat except for the very short chain fatty acids of cream, which are known to be absorbed by the portal route. However, the triglyceride of membrane isolated by freezing contained a much higher proportion of saturated fatty acids than did the oil phase. from the oil phase of chylomicrons during the isolation of the membrane fractions. Summary Thoracic duct chyle was collected from one patient and several dogs and rats fed corn oil and cream. Washed chylomicrons were frozen and thawed to prepare an oil phase and a membrane fraction. The oil phase contained, in addition to triglyceride, all of the esterified cholesterol, about 25 to 35%o of the free cholesterol, and none of the phospholipid. Chylomicron "ghosts" or "membranes" were demonstrated by electron microscopy in a fraction sedimented by centrifugation. These membranes consisted mostly of phospholipids with small amounts of protein, free cholesterol, and triglyceride. Gas liquid chromatography analysis showed large differences in chylomicron triglyceride fatty acids due to changes in dietary fat, whereas the phospholipid fatty acids were subjected to much less variation. Triglycerides of membranes prepared by freezing contained a much higher proportion of saturated fatty acids than the oil phase. Various interpretations of this finding are discussed. Sphingomyelin from dog chylomicrons contained little or no fatty acids of chain lengths greater than 18 carbons, whereas up to 25%o of dog plasma sphingomyelin fatty acids were of longer chain variety. After cream feeding the percentage of chylomicron cholesterol in the esterified form varied from 32 to 45%, whereas after corn oil feeding the percentage of esterified cholesterol was, except in one instance, between 16 and 33%o. Lymph, freed from chylomicrons by centrifugation, showed higher percentages of its cholesterol in the esterified form. On the basis of analytical data it is suggested that chylomicron membrane is a mosaic of small amounts of protein, free cholesterol, and saturated triglyceride in a monolayer of phospholipid.
